ABSTRACT Lateral diffusion of bacteriorhodopsin and a lipid analogue has been measured in dimyristoylphosphatidylcholine bilayers as a function of temperature, phospholipid/protein (mol/mol; L/P) ratio, and aqueous phase viscosity. The protein lateral diffusion coefficients measured above the temperature at which the lipid gel-liquid/crystalline phase transition occurs (Tc) are combined with previously determined rotational diffusion coefficients to provide a test of the Saffman-Delbrfick equations [Saffman, P. G. & Delbrfick, M. (1975) Procm NatL Acade Sci USA 72,[3111][3112][3113]. Insertion of the diffusion coefficients into these equations enables the protein diameter to be calculated. The value of 4.3 ± 0.5 nm so obtained is in reasonable agreement with the known structure of bacteriorhodopsin. A 12-fold increase in the viscosity of the aqueous phase reduces protein lateral diffusion coefficients by 50%, which is also consistent with the Saffman-Delbruick equations. Both protein and lipid lateral diffusion coefficients decrease with decreasing L/P ratio above the T,. It is argued that, at a high L/P ratio, this effect is probably due to changes in membrane viscosity while, at a low L/P ratio, "crowding" effects (steric restrictions) and protein aggregation become important. When comparing diffusion measurements made in different systems, it is important to take the effect of the L/P ratio into account. When this is done, other published measurements offreely diffusing membrane proteins are in good agreement with the present results and the predictions of the Saffman-Delbruick equations. Below the Ta, the presence of protein enhances diffusion rates. The overall effect is to smooth out the large change in diffusion coefficient that occurs at the T,.
Insertion of the diffusion coefficients into these equations enables the protein diameter to be calculated. The value of 4.3 ± 0.5 nm so obtained is in reasonable agreement with the known structure of bacteriorhodopsin. A 12-fold increase in the viscosity of the aqueous phase reduces protein lateral diffusion coefficients by 50%, which is also consistent with the Saffman-Delbruick equations. Both protein and lipid lateral diffusion coefficients decrease with decreasing L/P ratio above the T,. It is argued that, at a high L/P ratio, this effect is probably due to changes in membrane viscosity while, at a low L/P ratio, "crowding" effects (steric restrictions) and protein aggregation become important. When comparing diffusion measurements made in different systems, it is important to take the effect of the L/P ratio into account. When this is done, other published measurements offreely diffusing membrane proteins are in good agreement with the present results and the predictions of the Saffman-Delbruick equations. Below the Ta, the presence of protein enhances diffusion rates. The overall effect is to smooth out the large change in diffusion coefficient that occurs at the T,.
It is probable that diffusion plays a crucial role in a number of membrane functions [e.g., receptor-mediated processes (1), electron transfer (2) , and photoreception (3)]. Much has been learned about this field by the use of optical techniques developed for measuring diffusion of membrane components (for review, see refs. [4] [5] [6] . Fluorescence microphotolysis (7) is a versatile means for measuring translational and rotational diffusion in single cells, isolated membranes, artificial membranes, and solution (8) (9) (10) (11) (12) (13) . Transient dichroism of intrinsic chromophores or triplet probes has provided data on the rotational diffusion of a variety of membrane proteins (14) . In the case of triplet probes, rotational diffusion has also been measured by using phosphorescence (15, 16) , delayed fluorescence (17) , and fluorescence-depletion signals (18) .
A fruitful approach for analyzing parameters that potentially might restrict and regulate mobility in cellular membranes is the study of artificial bilayer membranes. Membranes made from a single lipid species (19, 20) , from two or more lipids (21, 22) , and from both lipids and peptides (23) (24) (25) (26) (27) (28) (31) (32) (33) fulfills all the requirements listed above. Moreover, reasonably accurate rotational diffusion coefficients for BR in these vesicles have recently been obtained (33) . There is also information on lipid order and dynamics obtained from fluorescence depolarization studies (34) . In this report, we present fluorescence microphotolysis measurements of the lateral diffusion of BR and a lipid probe in this reconstituted system. The body of experimental data then permits examination of quantitative predictions for diffusion in bilayer membranes.
MATERIALS AND METHODS
Isolation and Labeling of BR-Reconstitution of Small Vesicles. Methods of obtaining purified BR from Halobacterium halobium and reconstituting BR into Myr2PtdCho vesicles using a Triton X-100 solubilization and dialysis procedure were as described (32) . For on a single diffusion coefficient (35) . For protein diffusion measurements, the reconstituted vesicles were labeled with eosin-5-isothiocyanate as follows. The eosin derivative was dissolved in 0.1 M NaHCO3/0.5 M NaCl, pH 8, to a concentration of 0.5 mg/ml, and this solution was added to the vesicle preparation [in 0.1 M NaOAc (pH 5)] to an eosin/BR ratio of 0.5 (wt/wt). The pH was adjusted to 7.6 by addition of 0.1 M NaOAc/0.5 M NaCl, pH 8, and the mixture was incubated for 3 hr at 37TC. The preparation was then washed once with 0.1 M NaOAc (pH 7.4); once with 0.1 M NaOAc/0.2% bovine serum albumin, pH 7.4; once with 0.1 M NaOAc/0. 1% bovine serum albumin, pH 7.4; twice with 0.1 M NaOAc (pH 7.4); and twice with 0.1 M NaOAc (pH 5). The final pellet was suspended in 0.1 M NaOAc (pH 5).
Labeling of BR was checked by NaDodSO4/polyacrylamide gel electrophoresis. A fluorescent band coincident with the BR band was observed together with some weak fluorescence near the gel front. The amount of eosin not bound to BR was estimated by organic solvent extraction using a procedure similar to that of Folch et al. (36) and found to be <5%, an amount that would not significantly perturb the results of the protein diffusion measurements. Eosin was determined spectrophotometrically and protein was determined by the method of Lowry et al. (37) with the appropriate correction for BR (38) . The phospholipid content of the vesicles was obtained from a phosphorus determination according to Chen et al. (39) . In typical preparations, the eosin/BR ratio (mol/mol) was 1:9.
Preparation of Large Multilamellar Vesicles. To obtain a large enough surface area for FM measurements, large multilamellar vesicles were prepared from the small vesicles obtained by the reconstitution procedure. Large multilamellar vesicles rather than planar multilamellar liquid crystals (see refs. 19, 35) were used because they apparently show fewer structural defects at temperatures below that at which the lipid gel-liquid/ crystalline phase transition occurs (Tj) (25, 35) . To Fig. 2 (aqueous  phase, water) . The data for pure Myr2PtdCho (i.e., samples reconstituted without added BR) can be compared directly with data reported in the literature (11, 19, 20, 35 paratus and reconstitution procedures used.
Above the T0, BR reduces diffusion rates (Fig. 2 ). Relative to a L/P ratio of 00, the diffusion coefficients are reduced by =40% and 60% at L/P ratios of 140 and 70, respectively. However, the activation energy is virtually independent of the L/P ratio (o10 kcal/mol). The abrupt decrease in the DL between 24.50C and 23.0C is lost in BR-containing samples. Instead, the DL decreases more gradually with temperature. Below the T0, BR increases diffusion rates. At 170C, for instance, the DL is 0.0018 pmm2/s at L/P = 00, 0.004 Am2/s at L/ P = 140, 0.042 1m2/s at L/P = 70, and 0.10 Am2/s at L/P = 30. On a linear scale (i.e., DL VS. temperature), it appears that the temperature range in which the DL changes from high to low values broadens with decreasing L/P ratio whereas the midpoint of the transition remains unchanged at -230C. Fig. 2 also shows a rather large difference between intermediate (L/P = 70) and high (L/P = 30) BR concentrations: the DL is reduced to 1/3 above the Tc and increased --10-fold below the T,. At high BR concentrations, the dependence of the DL on temperature is relatively weak, with an activation energy of [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] kcal/mol.
Protein Diffusion. The DL values of BR are shown in Fig.  3 (aqueous phase, water) . At first sight, BR mobility appears similar to that of diO-C18 [3] : above the T0, the DL of BR is reduced; below the T0, the DL of BR is increased with decreasing L/P ratio, and the transition range broadens. Rather large differences are found between intermediate and high BR concentrations. However, at each particular L/P ratio and temperature, the DL of BR is 50-75% that of the lipid probe. Furthermore, as suggested by linear plots (see, for example, Fig. 3 Inset), the midpoint of transition shifts to temperatures below the T,. This result can be compared with those ofstudies of the transition of monomeric to aggregated BR, which was followed by CD and rotational diffusion measurements: The midpoint of the transition was found to occur at 17°C for L/P ratios of 135 and 71 (34) . The Table 2 .
On averaging the values in Table 2 , we obtain the diameter of BR (2a) cross-sectional diameter in the plane of the membrane is 3.5 nm. The reasonable agreement between the diameter calculated from diffusion measurements and that determined structurally is a good argument for the validity of Eq. 1 and 2. The results also confirm the previous conclusion, based on CD measurements, that BR is monomeric above the Tc at sufficiently high L/P ratios (32) .
Effect of Aqueous Phase Viscosity on Protein Diffusion. The membrane viscosity that is consistent with the measured values of DL and DR is >1 poise. This is discussed in detail below; for the moment, we wish to estimate the dimensionless parameter E = 2rwa/'rh defined by Hughes et aL (43, 44) , who have shown that Eq. 1 and 2 are accurate when E < 0.1, which is the case for qr = 1 poise and 7rw < 0.1 poise. Admittedly, as Hughes et al point out, it cannot necessarily be assumed that qrw (the viscosity of the aqueous layers adjacent to the membrane) is the same as the bulk aqueous viscosity. However, the results of experiments in which bulk viscosity was varied by addition of sucrose (Table 1) 
